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Increased Risks:
• Coronary heart disease
• Type 2 diabetes
• Cancers (endometrial, breast, and colon)
• Hypertension (high blood pressure)
• Dyslipidemia (for example, high total cholesterol or high 

levels of triglycerides)
• Stroke
• Liver and gallbladder disease
• Sleep apnea and respiratory problems
• Osteoarthritis (a degeneration of cartilage and its 

underlying bone within a joint)
• Gynecological problems (abnormal menses, infertility)
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The Pancreas



Islets of Langerhans

Bardeesy, N and RA DePinho. Nature Reviews Cancer, 2002.



The Pancreatic β-Cell

Brand, MD et al. Free Radic. Biol. Med., 2004.



Mitochondria

Wikstrom et al., Diabetes, 2007.

Piston, D, Vanderbilt University.



History of Mitochondria
• Eukaryotic ancestors engulfed or were infected by ancient 

bacteria ~ 2 billion years ago in symbiosis.

• Structure, energy, and information.



Mitochondrial DNA

• 37 genes = 
13 subunits 
of OXPHOS 
+ 22 tRNA + 
2 rRNA.

• ~ 2–10 
mtDNA 
copies per 
mitochondria 
and 100’s of 
mitochondria 
per cell.



mtDNA mutations

• Mutations → aging, mitochondrial dysfunction, diseases, 
cell death, etc.

• Mutation rate is 1–2 orders of magnitude higher than 
nuclear mutation rate.

• No recombination, so this high mutation rate is important in 
keeping mitochondria diverse, i.e., it is the adaptive engine.



Reactive Oxygen Species (ROS)

tain, although the reaction of superoxide with the iron
sulfur center in aconitase releases ferrous iron (12). Con-
sequently, mitochondrial superoxide production initiates a
range of damaging reactions through the production of
superoxide, hydrogen peroxide, ferrous iron, hydroxyl
radical, and peroxynitrite, which can damage lipids, pro-
teins, and nucleic acids (15). Mitochondrial function is
particularly susceptible to oxidative damage, leading to
decreased mitochondrial ATP synthesis, cellular calcium
dyshomeostasis, and induction of the mitochondrial per-
meability transition, all of which predispose cells to ne-
crosis or apoptosis (15).

Mitochondrial antioxidant defenses. Mitochondria
have a range of defenses against oxidative damage (Fig. 1).
The antioxidant enzyme MnSOD converts superoxide to
hydrogen peroxide (16). The mitochondrial isoform of
glutathione peroxidase and the thioredoxin-dependent en-
zyme peroxiredoxin III both detoxify hydrogen peroxide
(17); alternatively, hydrogen peroxide can diffuse from the
mitochondria into the cytoplasm. The mitochondrial glu-
tathione pool is distinct from that in the cytosol and is
maintained in its reduced state by a mitochondrial isoform
of glutathione reductase (17). This enzyme requires
NADPH, which is produced within mitochondria by the

FIG. 1. Mitochondrial oxidative damage. The mitochondrial respiratory chain (top) passes electrons from the electron carriers NADH and FADH2
through the respiratory chain to oxygen. This leads to the pumping of protons across the mitochondrial inner membrane to establish a proton
electrochemical potential gradient (!"H#), negative inside: only the membrane potential (!$m) component of !"H# is shown. The !"H# is used
to drive ATP synthesis by the F0F1ATP synthase. The exchange of ATP and ADP across the inner membrane is catalyzed by the adenine nucleotide
transporter (ANT) and the movement of inorganic phosphate (Pi) is catalyzed by the phosphate carrier (PC) (top left). There are also proton leak
pathways that dissipate !"H# without formation of ATP (top right). The respiratory chain also produces superoxide (O2!%), which can react with
and damage iron sulfur proteins such as aconitase, thereby ejecting ferrous iron. Superoxide also reacts with nitric oxide (NO) to form
peroxynitrite (ONOO%). In the presence of ferrous iron, hydrogen peroxide forms the very reactive hydroxyl radical (!OH). Both peroxynitrite
and hydroxyl radical can cause extensive oxidative damage (bottom right). The defenses against oxidative damage (bottom left) include MnSOD,
and the hydrogen peroxide it produces is degraded by glutathione peroxidase (GPX) and peroxiredoxin III (PRX III). Glutathione (GSH) is
regenerated from glutathione disulfide (GSSG) by the action of glutathione reductase (GR), and the NADPH for this is in part supplied by a
transhydrogenase (TH).

K. GREEN, M.D. BRAND, AND M.P. MURPHY

DIABETES, VOL. 53, SUPPLEMENT 1, FEBRUARY 2004 S111

Green, K, MD Brand, and MP Murphy, Diabetes, 2004.
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Banting Lecture 2004
The Pathobiology of Diabetic Complications
A Unifying Mechanism
Michael Brownlee

It’s a great honor to join the exceptional club of
Banting Award winners, many of whom were my
role models and mentors. In addition, giving the
Banting Lecture also has a very personal meaning to

me, because without Frederick Banting, I would have died
from type 1 diabetes when I was 8 years old. However, it
was already apparent at the time I was diagnosed that for too
many people like me, Banting’s discovery of insulin only
allowed them to live just long enough to develop blindness,
renal failure, and coronary disease. For example, when I
started college, the American Diabetes Association’s Diabe-
tes Textbook had this to say to my parents: “The person with
type 1 diabetes can be reassured that it is highly likely that he
will live at least into his 30s.” Not surprisingly, my parents did
not find this particularly reassuring.

At the same time we were reading this in 1967, however,
the first basic research discovery about the pathobiology
of diabetic complications had just been published in
Science the previous year. In my Banting Lecture today, I
am thus going to tell you a scientific story that is also
profoundly personal.

I’ve divided my talk into three parts. The first part is called
“pieces of the puzzle,” and in it I describe what was learned
about the pathobiology of diabetic complications starting
with that 1966 Science paper and continuing through the end
of the 1990s. In the second part, I present a unified mecha-
nism that links together all of the seemingly unconnected
pieces of the puzzle. Finally, in the third part, I focus on three
examples of novel therapeutic approaches for the prevention
and treatment of diabetic complications, which are all based
on the new paradigm of a unifying mechanism for the
pathogenesis of diabetic complications.

PIECES OF THE PUZZLE

The general features of hyperglycemia-induced tissue
damage are shown schematically in Fig. 1. The DCCT
(Diabetes Control and Complications Trial) and the
UKPDS (U.K. Prospective Diabetes Study) established that
hyperglycemia, shown on the far left of the figure, is the
initiating cause of the diabetic tissue damage that we see
clinically, shown on the far right (1,2). Although this
process is modified by both genetic determinants of indi-
vidual susceptibility, shown in the top box, and by inde-
pendent accelerating factors such as hypertension, shown
in the bottom box, today I will concentrate on the inner
boxes, the mechanisms that mediate the tissue-damaging
effects of hyperglycemia.

When I refer to the tissue-damaging effects of hypergly-
cemia, of course, I mean damage to a particular subset of
cell types: capillary endothelial cells in the retina, mesan-
gial cells in the renal glomerulus, and neurons and
Schwann cells in peripheral nerves. What is distinct about
these cells that makes them so vulnerable to hyperglyce-
mia? We know that in diabetes, hyperglycemia is bathing
all the cells of every tissue. So why does damage occur
only in the few cell types involved in diabetic complica-
tions? The answer is that most cells are able to reduce the
transport of glucose inside the cell when they are exposed
to hyperglycemia, so that their internal glucose concentra-
tion stays constant. In contrast, the cells damaged by

From the Departments of Medicine and Pathology, Albert Einstein College of
Medicine, Bronx, New York.

Address correspondence and reprint requests to Michael Brownlee, Anita
and Jack Saltz Professor of Diabetes Research, Departments of Medicine and
Pathology, Albert Einstein College of Medicine, F-531 1300 Morris Park Ave.,
Bronx, NY 10461-1602. E-mail: brownlee@aecom.yu.edu.

AGE, advanced glycation end product; eNOS, endothelial nitric oxide
synthase; FFA, free fatty acid; GAPDH, glyceraldehyde-3 phosphate dehydro-
genase; MnSOD, manganese superoxide dismutase; NF!B, nuclear factor !B;
PARP, poly(ADP-ribose) polymerase; PKC, protein kinase C; ROS, reactive
oxygen species; SOD, superoxide dismutase; TCA, tricarboxylic acid; UCP,
uncoupling protein.

© 2005 by the American Diabetes Association. FIG. 1. General features of hyperglycemia-induced tissue damage.
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Background
• Reactive oxygen species (ROS) can cause oxidative damage, but 

also have important signaling functions.

• Uncoupling proteins (UCP) contribute to proton leak across the 
inner membrane, diverting protons from ATP production while 
decreasing ROS production.

• Mitochondrial ROS and UCP have been reported to play a key role 
in pancreatic β-cell function/dysfunction under various 
environmental conditions.

• Although there is evidence to support this, mechanistic details of 
ROS and UCP regulation have not yet been unraveled.

• Furthermore, experiments typically focus on effects from long-term 
exposure to nutrient levels, rather than the short-term responses.



Aims

• Develop a state-of-the-data mathematical model of beta-cell 
mitochondrial respiration, ATP synthesis, and ROS 
production/regulation in response to glucose and fatty acid 
stimulation. The model should be able to match existing 
experimental observations of UCP content and the proton 
leak rate.

• Use the model to test our current understanding of the 
system, and propose hypotheses related to short- and long-
term perturbations in various environments.

• Use the model to predict an individual’s insulin secretion 
rate and quantify β-cell function.



The Model System



The Model

• R Bohnensack, J Bioenerg Biomembr, 14:45-61, 1982.

• D Pietrobon and SR Caplan, Biochem, 24:5764-5778, 1985.

• G Magnus and J Keizer, Am J Physiol, 273:C717-C733, 
1997, 274:C1158-C1173 and C1174-1184, 1998.

• S Cortassa et al., Biophys J, 84:2734-2755, 2003.

• R Bertram et al., J Theor Biol, 243:575-586, 2006.

• S Salinari et al., Am J Physiol Endocrinol Metab, 293:E396-
E409, 2007.



The Complete Model
dNADHm

dt
= γ (JGlu,N + JFA,N − JO,N − JROS,N )

dFADH2,m

dt
= γ (JGlu,F + JFA,F − JO,F − JROS,F )

dATPm

dt
= γ (JF1F0 + JTCA,Glu + JTCA,FA − JANT )

dCam

dt
= fm (Juni − JNaCa)

d∆Ψ
dt

= (JHres,N + JHres,F + JHros,N + JHros,F − JH,atp

−JANT − JH,leak − JNaCa − 2Juni) /Cm

dROS

dt
= 2 (JROS,N + JROS,F )− JSE,1 − 2JSE,2 − JUCP,a

dSEf1

dt
= JSE,2 + JSE,4 − JSE,1

dSEf2

dt
= JSE,1 − JSE,2 − JSE,3

dUCPi

dt
= JUCP,p − JUCP,a − JUCPd,i

dUCPa

dt
= JUCP,a − JUCPd,a

NADtot = NADm + NADHm

FADtot = FADm + FADH2,m

Atot = ADPm + ATPm

SEtot = SEf1 + SEf2 + SEi
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high-Km hexokinase isoform glucoki-
nase allows the generation of a pro-
portionate signal through glycolytic
and mitochondrial metabolism of glu-
cose (10). This results in an increased
ATP/ADP ratio, which closes an ATP-
sensitive potassium channel in the cell
membrane, thereby depolarizing the
cell membrane and activating a volt-
age-gated calcium channel. The result-
ant influx of calcium triggers secretion
of insulin granules (Figure 1).

The glucose-sensitive increase in
the ATP/ADP ratio is caused by
greater electron flux through the
mitochondrial electron-transport
system (Figure 2). Pyruvate derived
from glycolysis is transported into
the mitochondria, where it is oxi-
dized by the tricarboxylic acid (TCA)
cycle to produce NADH and reduced

flavin adenine dinucleotide (FADH2).
Mitochondrial NADH and FADH2

provide energy for ATP production
via oxidative phosphorylation by the
electron-transport chain.

Electron flow through the mito-
chondrial electron-transport chain is
carried out by four inner membrane–
associated enzyme complexes, plus
cytochrome c and the mobile carrier
coenzyme Q. NADH derived from the
TCA cycle donates electrons to Com-
plex I. Complex I ultimately transfers
its electrons to coenzyme Q. Coen-
zyme Q is also reduced by electrons
donated from several FADH2-contain-
ing dehydrogenases, such as the TCA
cycle succinate:ubiquinone oxidore-
ductase (Complex II). Electrons from
reduced coenzyme Q are then trans-
ferred to Complex III. Electron trans-

port then proceeds through cyto-
chrome c, Complex IV, and, finally, mo-
lecular oxygen.

Electron transfer through Complex-
es I, III, and IV generates a proton (volt-
age) gradient. Much of the energy of
this voltage gradient (∆µH

+) is used to
generate ATP, as the collapse of the
proton gradient through ATP synthase
(Complex V) drives the ATP synthetic
machinery. This energy can also be dis-
sipated as heat through the mediation
of uncoupling proteins (UCPs). When
the electrochemical potential differ-
ence generated by this proton gradient
is high, electron transport in Complex
III is partially inhibited, resulting in a
backup of electrons to coenzyme Q
and their donation to molecular oxy-
gen, leading to increased generation of
the free radical superoxide.
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Figure 1
Model of glucose-stimulated insulin secretion
in the pancreatic β cell. Following phosphory-
lation by glucokinase (GK), glucose is convert-
ed to pyruvate by glycolysis. Pyruvate enters the
mitochondria and fuels the TCA cycle, result-
ing in the transfer of reducing equivalents to
the respiratory chain, hyperpolarization of the
mitochondrial membrane, and ATP genera-
tion. Subsequent closure of KATP channels
depolarizes the cell membrane, which opens
voltage-gated calcium channels, increasing the
concentration of cytosolic calcium ([Ca2+]c).
This influx of calcium triggers insulin release
from the cell. Figure modified with permission
from Nature (17). Pyr, pyruvate; ∆ψm, mito-
chondrial membrane potential; ∆ψc, cell
membrane potential.

Figure 2
Effect of hyperglycemia on mitochondrial
electron-transport chain function in the pan-
creatic β cell. Hyperglycemia increases pro-
duction of electron donors from the tricar-
boxylic acid (TCA) cycle (NADH and FADH2).
This increases the membrane potential
(∆µH

+), because protons are pumped across
the mitochondrial inner membrane in pro-
portion to electron flux through the electron-
transport chain. Inhibition of electron trans-
port at Complex III by increased ∆µH

+

increases the half-life of free radical interme-
diates of coenzyme Q, which reduce O2 to
superoxide. Krauss and colleagues (13) have
demonstrated that hyperglycemia-induced
mitochondrial superoxide activates UCP2-
mediated proton leak, thus lowering ATP lev-
els and impairing glucose-stimulated insulin
secretion. Figure modified with permission
from Nature (15). Pi, inorganic phosphorus.
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high-Km hexokinase isoform glucoki-
nase allows the generation of a pro-
portionate signal through glycolytic
and mitochondrial metabolism of glu-
cose (10). This results in an increased
ATP/ADP ratio, which closes an ATP-
sensitive potassium channel in the cell
membrane, thereby depolarizing the
cell membrane and activating a volt-
age-gated calcium channel. The result-
ant influx of calcium triggers secretion
of insulin granules (Figure 1).

The glucose-sensitive increase in
the ATP/ADP ratio is caused by
greater electron flux through the
mitochondrial electron-transport
system (Figure 2). Pyruvate derived
from glycolysis is transported into
the mitochondria, where it is oxi-
dized by the tricarboxylic acid (TCA)
cycle to produce NADH and reduced

flavin adenine dinucleotide (FADH2).
Mitochondrial NADH and FADH2

provide energy for ATP production
via oxidative phosphorylation by the
electron-transport chain.

Electron flow through the mito-
chondrial electron-transport chain is
carried out by four inner membrane–
associated enzyme complexes, plus
cytochrome c and the mobile carrier
coenzyme Q. NADH derived from the
TCA cycle donates electrons to Com-
plex I. Complex I ultimately transfers
its electrons to coenzyme Q. Coen-
zyme Q is also reduced by electrons
donated from several FADH2-contain-
ing dehydrogenases, such as the TCA
cycle succinate:ubiquinone oxidore-
ductase (Complex II). Electrons from
reduced coenzyme Q are then trans-
ferred to Complex III. Electron trans-

port then proceeds through cyto-
chrome c, Complex IV, and, finally, mo-
lecular oxygen.

Electron transfer through Complex-
es I, III, and IV generates a proton (volt-
age) gradient. Much of the energy of
this voltage gradient (∆µH

+) is used to
generate ATP, as the collapse of the
proton gradient through ATP synthase
(Complex V) drives the ATP synthetic
machinery. This energy can also be dis-
sipated as heat through the mediation
of uncoupling proteins (UCPs). When
the electrochemical potential differ-
ence generated by this proton gradient
is high, electron transport in Complex
III is partially inhibited, resulting in a
backup of electrons to coenzyme Q
and their donation to molecular oxy-
gen, leading to increased generation of
the free radical superoxide.
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Figure 1
Model of glucose-stimulated insulin secretion
in the pancreatic β cell. Following phosphory-
lation by glucokinase (GK), glucose is convert-
ed to pyruvate by glycolysis. Pyruvate enters the
mitochondria and fuels the TCA cycle, result-
ing in the transfer of reducing equivalents to
the respiratory chain, hyperpolarization of the
mitochondrial membrane, and ATP genera-
tion. Subsequent closure of KATP channels
depolarizes the cell membrane, which opens
voltage-gated calcium channels, increasing the
concentration of cytosolic calcium ([Ca2+]c).
This influx of calcium triggers insulin release
from the cell. Figure modified with permission
from Nature (17). Pyr, pyruvate; ∆ψm, mito-
chondrial membrane potential; ∆ψc, cell
membrane potential.

Figure 2
Effect of hyperglycemia on mitochondrial
electron-transport chain function in the pan-
creatic β cell. Hyperglycemia increases pro-
duction of electron donors from the tricar-
boxylic acid (TCA) cycle (NADH and FADH2).
This increases the membrane potential
(∆µH

+), because protons are pumped across
the mitochondrial inner membrane in pro-
portion to electron flux through the electron-
transport chain. Inhibition of electron trans-
port at Complex III by increased ∆µH

+

increases the half-life of free radical interme-
diates of coenzyme Q, which reduce O2 to
superoxide. Krauss and colleagues (13) have
demonstrated that hyperglycemia-induced
mitochondrial superoxide activates UCP2-
mediated proton leak, thus lowering ATP lev-
els and impairing glucose-stimulated insulin
secretion. Figure modified with permission
from Nature (15). Pi, inorganic phosphorus.

 

Uncoupling Proteins (UCP)

by the twofold increase in oxygen consumption and accel-
erated fat oxidation measured after long-term FFA expo-
sure (11).

The UCP2 promoter contains a PPAR response element
(37). The observation that FFAs increase UCP2 mRNA
independently of their oxidation suggests an implication of
PPAR in the induction of UCP2 by FFAs. However, among
the PPAR ligand tested, only clofibrate had a modest effect
on UCP2 mRNA, suggesting that FFAs may act, at least in
part, through transcription factors other than PPAR. Long-
chain fatty acyl-CoA may be a ligand of hepatic nuclear
factor-4! and could conceivably act on the UCP2 gene via
this transcription factor (38).

The long-term effects of fatty acid on "-cell function
with respect to insulin secretion may require cellular
accumulation of long-chain fatty acyl-CoA esters or other
fatty acid derivatives acting on UCP2 expression and/or
activity (31,34), the opening of KATP channels (13), and the
expression of metabolic genes implicated in the "-cell
fuel-sensing process. Thus, fatty acids alter the expression
of several enzymes of lipid metabolism; they decrease
acetyl CoA carboxylase (39) and increase CPT-1 (5),
resulting in an increased capacity for fatty acid oxidation.
Long-term fatty acid exposure also results in an accumu-
lation of triglycerides (11,16) that could behave as an
endogenous source of FFA for oxidation and ATP gener-
ation, explaining the high rate of oxygen consumption, the
elevated redox state, and the insulin release measured
even at low glucose concentrations (11).

The absence of change in the ATP-to-ADP ratio after
long-term FFA exposure should prevent the closure of
KATP channels, the plasma membrane depolarization, and,
therefore, the increase in cytosolic Ca2#. Hyperpolariza-
tion of the mitochondria contributes to relay the increase
in cytosolic Ca2# into the mitochondria. Increase in mito-
chondrial Ca2# activates Ca2#-sensitive dehydrogenases
(40) and generates factors that potentiate or maintain
glucose-induced insulin secretion (41). Our studies show
that basal mitochondrial membrane potential as well as
hyperpolarization produced by glucose addition are lower
in fatty acid–exposed cells compared with controls. This
could also contribute to the loss of glucose-induced insulin
secretion by impairing the production of mitochondrial
signals originating directly or indirectly from the Krebs
cycle, such as glutamate (42), malate (43), or citrate (44).

The exact role of UCP2 in cell physiology is unclear.
Increase in its expression is often associated with high
fatty acid supply and suggests that this protein may
protect the cell from the consequences of a high rate of
"-oxidation (32). Formation of reactive oxygen species
(ROS) by the mitochondria is correlated to the mitochon-
drial potential (45). This raises the possibility that some
uncoupling could prevent excessive increase in mitochon-
drial potential, particularly when fatty acid oxidation is
high, thereby limiting the production of ROS (46). These
products are particularly deleterious for the "-cells, be-
cause their content in ROS-inactivating enzymes is low
(47,48). Thus, to avoid lipotoxicity and death through ROS
upon chronic exposure to elevated FFAs, "-cells might be
subject to partial mitochondrial uncoupling, resulting in
an altered ATP generation at high glucose and impaired
insulin secretion.

All of the present data do not entirely correspond with
the traditional idea of uncoupling; however, they can be
explained by a partial uncoupling of cells chronically
exposed to oleate in the presence of high glucose. Whether
this is attributable to an activation of the endogenous
UCP2 by some fatty acid derivatives and/or an increase in
UCP2 and/or a direct effect of fatty acid on the mitochon-
dria cannot be determined by the present experiments.

In summary, our data show that INS-1 and pancreatic
"-cells express UCP2 and that long-term fatty acid expo-
sure uncouples the mitochondria in association with in-
creased UCP2 mRNA and protein expression. Therefore,
UCP2 could be a link between the abundance of fatty acids
and the loss of glucose-induced insulin secretion as ob-
served in obesity-associated type 2 diabetes.
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FIG. 7. Effect of oleate on UCP2 protein expression. INS-1 cells were
cultured for 72 h with normal medium containing 0.5% BSA of BSA-
oleate (0.4 mmol/l), and UCP2 was measured by Western blotting using
30 !g cell homogenate. Data are means of triplicate determinations.
*P < 0.05.
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JUCPd,i = p26UCPi,

JUCPd,a = p26UCPa
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high-Km hexokinase isoform glucoki-
nase allows the generation of a pro-
portionate signal through glycolytic
and mitochondrial metabolism of glu-
cose (10). This results in an increased
ATP/ADP ratio, which closes an ATP-
sensitive potassium channel in the cell
membrane, thereby depolarizing the
cell membrane and activating a volt-
age-gated calcium channel. The result-
ant influx of calcium triggers secretion
of insulin granules (Figure 1).

The glucose-sensitive increase in
the ATP/ADP ratio is caused by
greater electron flux through the
mitochondrial electron-transport
system (Figure 2). Pyruvate derived
from glycolysis is transported into
the mitochondria, where it is oxi-
dized by the tricarboxylic acid (TCA)
cycle to produce NADH and reduced

flavin adenine dinucleotide (FADH2).
Mitochondrial NADH and FADH2

provide energy for ATP production
via oxidative phosphorylation by the
electron-transport chain.

Electron flow through the mito-
chondrial electron-transport chain is
carried out by four inner membrane–
associated enzyme complexes, plus
cytochrome c and the mobile carrier
coenzyme Q. NADH derived from the
TCA cycle donates electrons to Com-
plex I. Complex I ultimately transfers
its electrons to coenzyme Q. Coen-
zyme Q is also reduced by electrons
donated from several FADH2-contain-
ing dehydrogenases, such as the TCA
cycle succinate:ubiquinone oxidore-
ductase (Complex II). Electrons from
reduced coenzyme Q are then trans-
ferred to Complex III. Electron trans-

port then proceeds through cyto-
chrome c, Complex IV, and, finally, mo-
lecular oxygen.

Electron transfer through Complex-
es I, III, and IV generates a proton (volt-
age) gradient. Much of the energy of
this voltage gradient (∆µH

+) is used to
generate ATP, as the collapse of the
proton gradient through ATP synthase
(Complex V) drives the ATP synthetic
machinery. This energy can also be dis-
sipated as heat through the mediation
of uncoupling proteins (UCPs). When
the electrochemical potential differ-
ence generated by this proton gradient
is high, electron transport in Complex
III is partially inhibited, resulting in a
backup of electrons to coenzyme Q
and their donation to molecular oxy-
gen, leading to increased generation of
the free radical superoxide.
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Figure 1
Model of glucose-stimulated insulin secretion
in the pancreatic β cell. Following phosphory-
lation by glucokinase (GK), glucose is convert-
ed to pyruvate by glycolysis. Pyruvate enters the
mitochondria and fuels the TCA cycle, result-
ing in the transfer of reducing equivalents to
the respiratory chain, hyperpolarization of the
mitochondrial membrane, and ATP genera-
tion. Subsequent closure of KATP channels
depolarizes the cell membrane, which opens
voltage-gated calcium channels, increasing the
concentration of cytosolic calcium ([Ca2+]c).
This influx of calcium triggers insulin release
from the cell. Figure modified with permission
from Nature (17). Pyr, pyruvate; ∆ψm, mito-
chondrial membrane potential; ∆ψc, cell
membrane potential.

Figure 2
Effect of hyperglycemia on mitochondrial
electron-transport chain function in the pan-
creatic β cell. Hyperglycemia increases pro-
duction of electron donors from the tricar-
boxylic acid (TCA) cycle (NADH and FADH2).
This increases the membrane potential
(∆µH

+), because protons are pumped across
the mitochondrial inner membrane in pro-
portion to electron flux through the electron-
transport chain. Inhibition of electron trans-
port at Complex III by increased ∆µH

+

increases the half-life of free radical interme-
diates of coenzyme Q, which reduce O2 to
superoxide. Krauss and colleagues (13) have
demonstrated that hyperglycemia-induced
mitochondrial superoxide activates UCP2-
mediated proton leak, thus lowering ATP lev-
els and impairing glucose-stimulated insulin
secretion. Figure modified with permission
from Nature (15). Pi, inorganic phosphorus.

 

Proton Leak

∆Ψ

JH+,leak = ∆Ψep41∆Ψ (p42 + p43UCPa)

Brownlee, J Clin Invest, 2003.



The Nonlinear Proton Leak Rate

Squares: Echtay, KS et al. Nature, 2002. 
Diamonds: Affourtit, C and MD Brand. Biochem. J. 2006.

Circles: Affourtit, C and MD Brand. Biochem. J. 2008.
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Scavenging Enzymes

SEf1+ROS        SEf2

SEf2+ROS        SEf1

SEi        SEf1

SEf2+ROS        SEi

JSE,1 = p34SEf1ROS,

JSE,2 = JSE,3 = p35SEf2ROS,

JSE,4 = p36SEi

Hearn, A et al., Biochem, 2001.

changes were found in the main unfolding transition, with

W161F being the most stable with a 7.1 °C increase in Tm
and W161Y the least stable with a 5.6 °C decrease in Tm
compared with that of the wild type. W161F and W161Y

differ only by one hydroxyl group, but this structural change

results in a 12.7 °C change in Tm, suggesting major changes

in hydrogen bonding between these mutant enzymes. All of

the mutants at position 161 listed in Table 1 have values

within 7 °C of that of the wild-type enzyme (89 °C). The

structural changes observed between the wild-type enzyme

and the W161A mutant have almost no effect on thermal

stability (Table 1). The unfolding transition, which is a

measure of conformational stability, is different from the

thermal inactivation temperature which is 70 °C for human

wild-type MnSOD and is due to a much smaller conforma-

tional change for thermal inactivation than for unfolding (13).

We attempted to prepare other mutants with replacements

at position 161, such as W161L; however, these were not

stable enough to isolate.

ObserVation of the Absorbance of Superoxide. Superoxide
was rapidly created by pulse radiolysis (∼1 µs) in solutions
containing dissolved oxygen. The decrease in the absorption

of superoxide was followed at 260 nm as a function of time

to measure the rate of the catalytic disappearance of

superoxide in the presence of wild-type MnSOD and mutants.

At an initial concentration of O2•- of 3.3 µM, the decay of
superoxide catalyzed by 1 µM W161A MnSOD appeared

to be a predominantly first-order process; at an initial

concentration of O2•- of 17.1 µM, there was a predominant
contribution of a zero-order component (Figure 2). This

behavior at the higher superoxide concentration is similar

to that described for human wild-type MnSOD (8) and

attributed to a product inhibition as seen in bacterial MnSODs

(5, 6).

To fit kinetic data for catalysis by MnSOD from Bacillus

stearothermophilus, McAdam et al. (5) proposed a simplified

mechanism (eqs 1-4) in which individual steps are consid-
ered irreversible, justified in part by the favorable equilibrium

constants associated with eqs 1 and 2. Equations 3 and 4

represent the formation and dissociation of the product-

inhibited complex.

The advantage of this scheme for this work is that it

simplifies the catalytic cycle of eqs 1 and 2 while emphasiz-

ing the formation and dissociation of the Mn-X-SOD
inhibited complex in eqs 3 and 4. Further implications of

this scheme appear in the Discussion. The role of protonation

in catalysis is indicated in eqs 2 and 4 and is a topic of this

work. The source of the protonation is uncertain and could

be solvent water, water as a ligand of the metal, or ionizable

groups on the enzyme itself.

Progress curves such as shown in Figure 2 were analyzed

by fitting to the data this simplified model of catalysis (eqs

1-4) and the known second-order rates of the uncatalyzed
dismutation. We used two fitting programs, PRKIN2 and

FITSIM (28), which are based on the numerical solution of

the simultaneous kinetic equations; both gave the same

results. To reduce the range of solutions that fit the data such

as shown in Figure 2, we fixed k3 and k4 at the values shown

in Table 2 determined, as described below, by direct

observation of the characteristic absorbances of the oxidized

enzyme and inhibited complex; the fitting programs were

then used to obtain the values of k1 and k2. With this

procedure, we were able to determine values of k1. The values

of k2 were small compared with k1 and k3 for catalysis by

W161A and W161F and allowed us to determine only an

upper limit for k2 (Table 3). Because of the similar values

of k2 and k3 for wild-type MnSOD, we were not able to

differentiate these rate constants, and the value represented

in Table 3 is the sum k2 + k3. Table 3 also gives the values

of the zero-order rate constant k0/[E0] determined by a fit of

data such as shown in Figure 2, including a zero-order decay

of O2•- observed at 260 nm.

ObserVation of the Absorbance of the Free and Inhibited
Enzyme. The rate constants k3 and k4 that measure the

formation and dissociation of the product-inhibited complex,

(eqs 3 and 4), were determined from the absorption maxima

of MnSOD and mutants and their inhibited complexes. The

free enzyme W161A Mn(III)SOD is characterized by an

absorption at 480 nm (Figure 3, inset) (ε480 ) 600 M-1 cm-1

for human MnSOD) (7); in the reduced state, Mn(II)SOD

has only a very small visible absorption (ε420, ε480 < 30 M-1

cm-1). The inhibited complex is characterized by a significant

absorption at 420 nm shown in the inset of Figure 3 for

W161A MnSOD (ε420 ) 500 M-1 cm-1 for human MnSOD)

(7). W161A MnSOD was reduced with H2O2 before single-

turnover experiments in which O2•- was generated by pulse

radiolysis. Figure 3 shows typical data for the first-order

increase in absorption at 420 nm as the inhibited complex

accumulated. Estimation of the concentration of the inhibited

complex at the plateau, based on the ε420 given above, shows
all of the O2•- introduced by pulse radiolysis had been

2 H. A. Schwarz, unpublished program.

FIGURE 2: Decrease in the absorbance of superoxide at 260 nm in
the presence of 1 µM W161A MnSOD measured by pulse
radiolysis. Solutions contained 30 mM formate, 50 µM EDTA, and
2 mM TAPS at pH 8.2 and 25 °C. Initial concentrations of
superoxide were (from top to bottom) 17.1, 10.1, and 3.3 µM. The
solid lines are a fit of the McAdam mechanism (eqs 1-4) with the
following values: k1 ) (8.0 ( 0.2) × 107 M-1 s-1, k2 < 1 × 107

M-1 s-1; k3 ) (3.8 ( 0.2) × 108 M-1 s-1, and k4 ) 140 ( 11 s-1.
The value of the zero-order rate constant k0/[E] for the 17.1 µM
trace (top) was 450 s-1.
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•- 98

k1
Mn(II)SOD + O2 (1)

Mn(II)SOD + O2
•-98
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Mn(III)SOD + H2O2 (2)
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k3
Mn-X-SOD (3)

Mn-X-SOD98
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Mn(III)SOD + H2O2 (4)
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The Model System



Short-term responses to glucose:
ROS signaling and the ATP/ADP response are improved with 

acute inhibition of UCP activity.
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Long-term responses to glucose:
Model predicts blocking UCP activation causes sustained 

increases in ROS levels, and thus oxidative stress, but distributing 
the metabolic load by increasing  the mitochondrial density (p0) 
improves the ATP/ADP response while keeping ROS levels low.
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Short-term responses to fatty acids:
Addition of fatty acids causes an increase in the membrane 

potential (and the other mitochondrial variables) that saturates for 
higher fatty acid concentrations
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Long-term responses to fatty acids:
Model simulations suggest FFA could cause the experimentally 

observed crossover effect (i.e., an elevated basal insulin secretion, 
but decreased GSIS) by increasing the ROS-dependent UCP-

production signal (model parameter p23).
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Clinical Applications?
Diet Study 1: Eight overweight, mixed-ethnicity subjects.

Correlation between ISI and total ROS/ATP.

Data from Knuth, ND et al. J Appl Physiol, 2009.
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Clinical Applications?
Diet Study 2: 102 nondiabetic, African-American subjects.
Correlations between several measures and total ROS/ATP.
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Data from Periwal, V et al. Am J Physiol Regul Integr Comp Physiol, 2008.



A clinical application:
Our model may be useful in predicting the c-peptide and insulin 
secretion rates and quantifying β-cell function in an individual.
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FFA = 0mM, Cai = 0.2µMProfile from Breda, E et al. Diabetes, 2001.

From Eaton, RP et al. J. Clin. Endocrin. 
Metab. 1980:



Summary
• The model is consistent with a number of experimental 

observations, and it is capable of predicting mitochondrial 
responses to nutrient inputs (glucose and fatty acids).

• It provides a tool to test the current understanding of a 
complex system, as many details of the autoregulation of ROS 
via UCP control have not yet been fully unraveled in the 
experimental literature.

• Model predictions provide testable hypotheses; e.g. increasing 
mitochondrial density and inhibiting UCP activation may 
increase GSIS while decreasing oxidative stress.

• The model may have useful clinical applications; e.g. the c-
peptide secretion rate model, if standard parameter values can 
identified and compared to on an individual basis.



Future Work

• Address limitations of the current model; e.g. consider 
dynamic antioxidant content, other endogenous UCP 
activators, and other pathways of proton leak.

• Apply the c-peptide secretion rate model to a large data set 
to try to identify standard parameters.

• Extend the model to mitochondria in other tissues. This may 
be useful in suggesting holistic metabolic therapies given 
the systemic function that mitochondria serve.
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